The transgenic sequences in the mouse line TKZ751 are demethylated on a DBA/2 inbred strain background but become highly methylated at postimplantation stages in offspring of a cross with a BALB/c female. In the reciprocal cross the transgene remains demethylated suggesting that imprinted BALB/c methylation modi®ers or egg cytoplasmic factors are responsible for this striking maternal effect on de novo methylation. Reciprocal pronuclear transplantation experiments were carried out to distinguish between these mechanisms. The results indicate that a maternally-derived oocyte cytoplasmic factor from BALB/c marks the TKZ751 sequences at fertilization; this mark and postzygotic BALB/c modi®ers are both required for de novo methylation of the target sequences at postimplantation stages. Using genetic linkage analyses we mapped the maternal effect to a locus on chromosome 17. Moreover, seven postzygotic modi®er loci were identi®ed that increase the postimplantation level of methylation. Analysis of interactions between the maternal and the postzygotic loci shows that both are needed for de novo methylation in the offspring. The combined experiments thus reveal a novel epigenetic marking process at fertilization which targets DNA for later methylation in the foetus. The most signi®cant consequence is that the genotype of the mother can in¯uence the epigenotype of the offspring by this marking process. A number of parental and imprinting effects may be explained by this epigenetic marking. q
Introduction
In animal biology there are numerous parental effects on development and phenotype of offspring. In mammals, for example, the intrauterine environment can have an in¯uence on the development of offspring, thus leading to maternal effects (McLaren and Michie, 1958; Newth and Ball, 1979) . Maternal effects are also common in non-mammalian species which have large eggs containing maternally produced factors that can have a profound in¯uence on embryonic development. Such effects are thought less likely in mammals that have small egg cytoplasms. Instead, imprinted genes may be more signi®cant in leading to parental effects. Nevertheless, some maternal effects in mammals have also been attributed to the egg cytoplasm, and in particular to the possibility that factors in the cytoplasm could epigenetically modify the genome and lead to its altered expression at later stages (Latham and Solter, 1991; Reik et al., 1993) .
DNA methylation of transgenes in the mouse shows various parental in¯uences, as well as in¯uences of the genotype of the offspring, suggesting that both epigenetic and genetic factors could contribute to the methylation patterns (Reik et al., 1987 (Reik et al., , 1990 Sapienza et al., 1987 Sapienza et al., , 1989 Swain et al., 1987; Hadchouel et al., 1987; McGowan et al., 1989; Allen et al., 1990; Surani et al., 1990; Engler et al., 1991; Chaillet et al., 1995; Weng et al., 1995; Koetsier et al., 1996; Schweizer et al., 1998; Kearns et al., 2000; Valenza-Schaerly et al., 2001) . The study of these transgenes could therefore establish valuable model systems for the understanding of parental effects in mammals. In two such model systems linkage analyses have identi®ed candidate loci for modi®ers of DNA methylation (Ssm1, Mod13; Engler et al., 1991; Valenza-Schaerly et al., 2001) . It is likely that modi®er genes encode proteins that interact with the known components of the de novo and maintenance methylation system (Dnmt1, 3a, 3b; Li et al., 1992; Okano et al., 1999) , or with the demethylation system (Oswald et al., 2000; Mayer et al., 2000) . In addition modi®er genes could encode chromatin proteins that interact with the methylation system. Indeed in some systems the acetylation state of histones can in¯uence methylation patterns (Selker, 1998) , and recently the SWI/SNF system of chromatin remodelling complexes has been implicated in maintaining methylation patterns during replication (Jeddeloh et al., 1999; Gibbons et al., 2000) . Thus, heritable chromatin modi®cation systems (Cavalli and Paro, 1999) could interact with the DNA methylation system.
Despite the identi®cation of Ssm1 and Mod13 by linkage analysis, neither of these modi®er genes has been cloned, nor have their developmental actions been elucidated. The nature of the parental effects remains unknown. Here we use the previously described TKZ751 strain of mice, in which the transgenic sequences become highly methylated on a BALB/c inbred strain background but only if the BALB/c genome is maternally derived, suggesting imprinted and maternally expressed modi®ers or egg cytoplasmic action of modi®ers . By nuclear transplantation experiments we show that the maternal effect is due to an egg cytoplasmic factor that epigenetically marks the transgene for methylation at postimplantation stages. Using a ®rst and second generation backcross, we identify chromosomal linkages to modi®ers by genome wide microsatellite analysis. The second generation backcross con®rms that maternal genotype can in¯uence methylation patterns in offspring. These experiments therefore reveal an epigenetic marking process in the egg cytoplasm that targets the DNA for methylation at later stages of development, and this explains the maternal effect.
Results

Transgene methylation in parental strain crosses
The transgenic line TKZ751 was created as part of an enhancer-trapping experiment (Allen et al., 1988; . The microinjected TKZ construct consists of an HSVThymidine Kinase basal promoter coupled to a LacZ reporter. In the strain TKZ751 this is integrated as an array of 5±6 copies in a head-to-tail con®guration at a single locus on chromosome 8 (S.E., in preparation). The line is maintained on a DBA/2 background (more than 15 backcross generations to date, i.e. greater than 99% inbred) where it is hypomethylated in all embryonic and postnatal tissues and expressed in some tissues from embryonic day (E) 13 . The TKZ751 line on the DBA/2 background is referred to as TKZ751 D . Methylation levels were measured by Southern blotting and quanti®ed by PhosphorImager analysis (Fig. 1 ) and a methylation percentage value was assigned to each individual animal. From the methylation analysis with the methylation sensitive restriction endonuclease MluI (Fig. 1) and other enzymes as well as from bisulphite sequencing there was no indication that methylation was targeted to speci®c sites in the transgene construct.
Methylation levels of TKZ751 are low on an inbred DBA/ 2 background, and high in heterozygous crosses with BALB/c (Fig. 2) . Methylation levels are similar in all embryonic and postnatal tissues examined and very little variation of methylation was observed between individuals on pure inbred backgrounds, which is important for the subsequent genetic mapping of the modi®er genes (Weichman and Chaillet, 1997) .
A subtle effect of parental origin of the transgene was observed on a pure DBA/2 background. Paternal transmission of the transgene resulted in very low levels of methylation (8.8%) whereas maternal transmission led to a small but signi®cant increase in methylation (17.7%, Fig. 2 ). Crossing a TKZ751 D female to a BALB/c male resulted in offspring with methylation of 20.0% (Fig. 2) which is solely attributable to maternal transmission of the transgene. However, the reciprocal cross (BALB/c £ TKZ751 D ) resulted in a striking increase in DNA methylation (80.0%, Fig. 2 ).
The precise timing of de novo methylation of the transgene in a BALB/c £ TKZ751 D cross was determined by bisulphite methylation sequencing at various preimplantation and postimplantation stages. A 480 bp segment of the transgene containing 37 CpGs was analyzed (Fig. 1) . The results (Fig. 2B) show that all preimplantation stages remained unmethylated and that de novo methylation occurred shortly after implantation so that high levels of methylation were established by E8 (Fig. 2B ). Thus the timing of de novo methylation coincides with major genome wide de novo methylation during development. No nonCpG methylation was observed.
From these experiments we conclude that BALB/c alleles act to increase transgene methylation, and that the de novo methylation happens during postimplantation development. In addition, these BALB/c modi®ers act in a parental originspeci®c manner with only maternal BALB/c alleles being able to increase methylation in offspring. This can be explained either by imprinted (maternal allele expressed) BALB/c modi®er genes, or by the action of modi®ers in the egg cytoplasm. Nuclear transplant experiments were used to resolve this important question.
Nuclear transplantation reveals epigenetic marking in the egg cytoplasm
If imprinted and maternally expressed BALB/c modi®ers were responsible for the de novo methylation of TKZ D , this methylation would require exclusively the presence of a BALB/c nucleus. If on the other hand exposure to a BALB/c type egg cytoplasm was suf®cient for later transgene methylation, presence of the BALB/c maternal genome in the embryo would not be needed.
To investigate these alternatives, pronuclear transplantation experiments were carried out (Fig. 3) . The principle behind these experiments is that an unmethylated transgene transmitted by sperm is exposed at fertilization to either a BALB/c or a DBA/2 egg cytoplasm. The paternal pronucleus that has formed in either BALB/c or DBA/2 genotype cytoplasm was then transferred to the opposite genotype egg (and as a control to the same genotype, referred to as asynchronous control transfers), and methylation was analyzed in postimplantation embryos (Fig. 4) . Note that transgene The results of these experiments (Fig. 4) were surprising and striking because they revealed that high level transgene methylation only occurred when both the cytoplasmic marking and the post-zygotic modi®ers were of BALB/c type (referred to as B:B, mean 45.2% methylation). A baseline control with both cytoplasmic and post-zygotic modi®ers of DBA/2 origin gave low methylation levels (D:D, 12.3%). Signi®cantly, neither BALB/c cytoplasmic marking followed by DBA/2 postzygotic genes (B:D, 17.8%), nor a DBA/2 type marking followed by BALB/c postzygotic genes (D:B, 13.4%) resulted in high levels of DNA methylation (Fig. 4) . This last result also excludes that the cytoplasmic marking (DBA/2) is reversible in a new egg recipient (BALB/c) and suggests it is speci®cally acquired during male pronucleus formation. The combined results suggest that the transgene needs to be exposed to (and presumably marked by) a BALB/c cytoplasm and postzygotic BALB/c genes for de novo methylation to occur. This mechanism explains the maternal effect.
It was noticeable that the mean methylation level in the B:B transplantation experiment, while high, did not reach that of the natural mating high methylation cross (BALB/c £ TKZ751 D , 45.2 vs. 80.0%, Fig. 4 ). In addition, there was a larger variance in individual methylation values in the transplantation experiments in comparison to that of the parental crosses (see legend to Fig. 4 ). These effects might be due to the in vitro manipulation and culturing of the embryos which could potentially disrupt the cytoplasmic marking process. To test this we carried out two types of additional control experiment. One involved treating embryos resulting from the cross BALB/c x TKZ751 with in vitro culture, electrofusion pulse, and embryo transfer. The second included the same treatments but the electrofusion pulse step was omitted. The mean methylation levels of these two control groups were indistinguishable and the results were thus combined (Fig. 4 ). The methylation level of this`culture control' group (mean 61.4%) was not signi®cantly higher than that of the B:B transplantation group, but was signi®cantly lower than that of the BALB/c £ TKZ751 D natural mating group (Fig. 4 legend) . Thus it is likely that the cytoplasmic marking process can be in¯u-enced by external factors (culture, electric pulse, etc.) as well as biological factors. It may also be the case that developmental asynchrony between donor and recipient one-cell embryos may contribute to the methylation variability seen in the experimental group.
Overall these results provide direct functional evidence for a marking process that occurs to the transgene upon fertilization. While this marking is not methylation of the transgene, it is clearly epigenetic in nature and heritable to at least early postimplantation stages when de novo methylation of the transgene occurs. We cannot exclude however that sequences¯anking the transgene become marked by methylation at fertilization, and that this affects the methylation of the transgene at later stages of embryogenesis. We next employed genetic mapping strategies to characterize cytoplasmic (maternal) and postzygotic (offspring) BALB/ c modi®ers in more detail, and to see whether the genetic analysis would provide conformation of their interaction causing the maternal effect. The effect of the maternal genotype on the offspring methylation phenotype could also lead to situations in which genetic linkage is masked.
Strategies for linkage analysis of modi®er genes
Linkage analysis was carried out by correlating the methylation phenotype with genetic maps generated using microsatellite markers on two generations of backcrosses, BC1 and BC2 (see Section 4 for details). BC1 offspring were derived by crossing (BALB/c £ DBA/2)F 1 females with TKZ751 D males, and BC2 offspring by crossing ((BALB/c £ DBA/2)F 1 £ DBA/2) BC1 females with TKZ751 D males. The purpose of the BC2 analysis was not only to re®ne the BC1 linkage analysis but also to examine the maternal effect on transgene methylation revealed by the nuclear transplantation experiments (which is not possible in BC1 where the genotypes of mothers are non-segregating, homogeneous F 1 ).
Offspring of the BC1 and BC2 crosses were phenotyped by quantitative methylation analysis as described. The Map Maker QTL algorithm is frequently used for QTL analysis but requires the population under study to be normally distributed. Therefore, a non-parametric ranking approach in the form of Mann±Whitney analysis was performed (see Section 4 for details). This approach tests the general effects of the presence or absence of BALB/c alleles at each locus on methylation levels in a 25% ranking interval.
Genome-wide scans of BC1 and BC2 generations
Sixty-®ve methylated BC1 individuals (above 50% methylation) were initially genotyped using 106 microsatellite markers evenly distributed on all chromosomes (average distance 15±20 cM). Analysis of this genome-wide scan revealed suggestive associations on a number of chromosome regions (chr. 1, 4, 9, 15, 17, X), and these were further expanded using additional markers (data not shown). An additional 135 BC1 animals covering the entire methylation spectrum were typed.
The Mann±Whitney test was used to compare the methylation distribution of two groups (Pavan et al., 1995) , offspring with BALB/c alleles at a given marker locus and those without. Probabilities were obtained for the null hypothesis that the two groups showed the same methyla- tion distribution. Signi®cant deviations from the hypothesis (indicating linkage to a modi®er) were found for markers on chromosomes 9, 15, 17 and X (Table 1 ). Associations to chromosomes 1 and 4 were not con®rmed.
BC2 offspring were analyzed in parallel with BC1 offspring to see whether associations could be further re®ned. In addition, segregation occurs in the mothers of BC2 individuals and so the maternal effect could be examined. Of the 292 BC2 animals scored for methylation phenotype, 88 samples were chosen for analysis on the basis that they represented the full spectrum of methylation levels. A total of 96 microsatellite markers (Schalkwyk et al., 1999 , see Section 4) were employed over all chromosomes except markers on chromosome 16, which were not polymorphic or for which no PCR products were obtained.
Using the Mann±Whitney test as in BC1, signi®cant associations were obtained for seven chromosome regions (Table 1) . Intriguingly, ®ve of these locations were not observed in the BC1 genome wide scan (Table 1) and only two of the four BC1 locations replicated in BC2. This suggests indeed that linkage positions could be masked because not only the offspring genotype but also the maternal genotype contribute to methylation.
To clarify this surprising observation, 204 additional offspring from the BC2 cross were genotyped with markers from the regions that showed linkage in BC1 or BC2. In addition, the distal region of chromosome 4 was included since a known methylation modi®er, Ssm1, maps to this region (Engler et al., 1991) . While this analysis revealed indeed linkage to a marker on chromosome 4 (Table 1) , and con®rmed that the general chromosome 15 region from BC1 is also associated in BC2 (Table 1) , it clearly excluded . The x-axis displays methylation % categories (for instance, the category`10' represents individuals with methylation levels above 5% and less than or equal to 10%). The y-axis displays the percentage of each population which falls in the relevant methylation category. Note that neither population follows a normal distribution. any linkage in BC2 to chromosomes 9, 17 and X. Hence, in this more detailed analysis, with the exception of chromosome 15 which is linked in both BC1 and BC2, all other associations are different (Table 1) . BC1 and BC2 linkage differences may explain why the distribution of methylation values are so different in the two generations (Fig. 5) .
BC2 litter analysis reveals a maternal modi®er
The combined results from the nuclear transplantation experiments and the BC1 and BC2 linkage analysis suggest that the genotypes of the mothers giving rise to backcross offspring affect offspring methylation levels. While all BC1 offspring have (BALB/c £ DBA/2)F 1 mothers, BC2 offspring have ((BALB/c £ DBA/2)F 1 £ DBA/2) mothers in which BALB/c genes segregate. We noticed that BC2 litters fell into two groups: those which contained at least one methylated individual (de®ned as methylation level equal to or greater than 25%) and those litters which contained no such individuals. This threshold value of 25% represents a natural discontinuity observed in the distribution of methylation levels (Fig. 5) . These two types of litter are referred to henceforth as high methylation (HM) and low methylation (LM) litters. If litters with four or more transgenic offspring are analyzed (to lessen the under-representation of the HM group) then 25 litters are HM and 30 are LM. The fact that the ratio of HM:LM litters approaches 1:1 suggested that a single maternal modi®er de®ned these two groupings. Where possible, we reconstructed the genotypes of the mothers from the genotypes of their transgenic and non-transgenic offspring (see Section 4 for details). We then applied a 2 £ 2 contingency x 2 test to the two reconstructed mother groupings: those that gave rise to HM litters and those that gave rise to LM litters. Signi®cant bias in the distribution of BALB/c alleles between the two groupings was observed for a region on chromosome 17 (Table 1) .
In addition, a Mann±Whitney test was carried out on the HM and LM groups including only individuals with methylation values below 25%. When compared, the methylation distributions of the resulting HM subset and LM group were indistinguishable (data not shown). This indicates that the 25% methylation boundary separates two distinct methylation populations in HM: the maternal modi®er(s) acts speci®cally by raising certain individuals in the HM group above the 25% methylation threshold rather than causing a general increase in methylation within the HM group as a whole. We propose that the subset of HM offspring that has methylation over 25% is de®ned by the possession of not only BALB/c alleles of the maternal modi®er but also BALB/c alleles of the other (`post-zygotic') modi®ers.
Interactions between maternal and post-zygotic modi®ers con®rm a two-step process
The observation that there were`methylating' mothers (predisposing their offspring to higher methylation levels) and`non-methylating' mothers, suggested that the maternal modi®er (chr. 17) could act on the transgene to convert it into a methylatable or non-methylatable template, with postzygotic modi®ers interacting to establish the ®nal methylation level in the postimplantation embryo. The maternal chr. (B)`Box-and-Whisker' plots of the effects of ®ve of these six combinations of maternal and zygotic alleles on methylation levels within the BC2 backcross population are shown. Between the methylation plots are shown the genotypes of the three loci with linkage to methylation levels: those of the reconstructed mothers at the D17mit120 locus and of the offspring at the loci D4mit74 and D15mit270 (see Section 4 for details). The plots show ®ve parameters describing the methylation distribution of individuals with that particular combination of modi®er alleles. The upper and lower boundaries of the grey box describe the lower and upper quartiles of the population; hence, the box contains the middle 50% of all values. The line within the box is the median of the population. The extents of the whiskers describe the lower and upper extremes of the population distribution. The mean (A) and median (B) methylation values are: maternal BALB/c allele at D17mit120 (mean 17.8%, median 9.9%), maternal DBA/2 allele at D17mit120 (mean 7.4%, median 3.9%), maternal BALB/c allele at D17mit120 with post-zygotic BALB/c alleles at D4mit74 and D15mit270 (mean 30.3%, median 17.8%), maternal BALB/c allele with post-zygotic DBA/2 alleles (mean 15.1%, median 7.9%), maternal DBA/2 allele with post-zygotic DBA/2 alleles (mean 5.0%, median 2.9%). The values for the group comprising individuals with a maternal DBA/2 allele and post-zygotic BALB/c alleles (not included in the statistical evaluation in (B) for reasons given in Section 2) are (mean 4.9%, median 4.9%). Offspring with BALB/c mothers at D17mit120 have signi®cantly higher methylation levels than those of DBA/2 mothers (P 0:0003, one-tailed Student's ttest). Mann±Whitney tests showed that the combined action of BALB/c maternal and post-zygotic modi®er alleles led to signi®cantly higher methylation levels than the BALB/c maternal and DBA/2 post-zygotic combination (P 0:00002) or the DBA/2 maternal and DBA/2 post-zygotic combination (P 0:00001). transgene, making it methylatable at later stages. To determine whether this was indeed the case in the BC2 generation, epistatic interactions between modi®er loci were examined. First, a comparison was made (Fig. 6) between the methylation means of all offspring from mothers with BALB/ c alleles (mean 17.8%) and all offspring from mothers with DBA/2 chromosome 17 alleles (mean 7.4%). This difference was highly signi®cant (Fig. 6 legend) and showed that a maternal DBA/2 genotype reduces considerably offspring methylation irrespective of whether these offspring possess postzygotic BALB/c modi®er alleles. Second, individuals with different combinations of the maternal (chr. 17) and selected postzygotic (chr. 4 and 15) modi®ers were grouped to examine the combined effect on their mean methylation levels (Fig. 6) . The chr. 4 and 15 postzygotic modi®ers were selected since a much larger group of offspring had been typed for them (n 292). The combination of a maternal BALB/c allele at D17mit120 with postzygotic BALB/c alleles at D4mit74 and D15mit270 resulted in the highest average methylation levels (mean 30.3%), whereas methylation in combinations of the maternal BALB/c allele with postzygotic DBA/2 alleles (mean 15.1%), maternal DBA/2 alleles with postzygotic DBA/2 alleles (mean 5.0%), and maternal DBA/2 with postzygotic BALB/c alleles (mean 4.9%) was drastically reduced. Both the relatively low methylation mean of the animals with maternal and postzygotic BALB/c alleles (30.3%) and the relatively high methylation mean of the combination of maternal BALB/c with postzygotic DBA/2 alleles (15.1%) are expected since other postzygotic modi®ers in addition to chr. 4 and 15 will contribute to methylation.
Mann±Whitney tests were carried out to assess the significance of the differences between the four groups. The results show a highly signi®cant increase in methylation in the group of BC2 individuals which not only have BALB/c alleles at the two post-zygotic markers but also have mothers with a BALB/c allele at the maternal marker (Fig. 6 legend) . The group with maternal DBA/2 and postzygotic BALB/c alleles could not be assessed statistically because the combined effects of the stringent criteria for maternal genotype assignment together with the infrequency of BALB/c alleles in BC2 made this group too small. The combined analysis suggests a two-step, synergistic mechanism, with both maternal and postzygotic components required to be of BALB/c origin for signi®cant methylation to occur. This is in striking agreement with the results of the nuclear transplantation experiments.
Discussion
Parental epigenetic effects on gene expression in offspring are usually ascribed to genomic imprinting, at least in mammals. Gametic methylation imprints are laid down in the parental germlines and are heritable after fertilization, presumably due to the maintenance methylation function of Dnmt1 (Li et al., 1992) . Although not all imprinted genes may have germline methylation imprints, the nature of their imprints and when they are introduced into chromosomes is not known ). Presumably heritable chromatin structures which have been shown to play a role in epigenetic inheritance in non-vertebrates may also have such a function in mammals. Parental effects, particularly maternal ones, could also arise from epigenetic marking of the sperm genome on its exposure to egg cytoplasm at fertilization. Here we have explored the mechanisms and developmental control of such a maternal effect in a transgenic model system.
Methylation of the transgene, TKZ751, is under control of both parental and genotype speci®c factors . De novo methylation occurs in offspring if the mother is of BALB/c genotype, but not in the reciprocal cross in which the father is BALB/c. This type of observation has been made with other unrelated transgenes as well, suggesting a more general mechanism (Hadchouel et al., 1987; Reik et al., 1990) . De novo methylation occurs after implantation and is complete by E8, and is thus coincident with the major wave of genome wide de novo methylation after implantation. Using reciprocal pronuclear transplantation experiments, we asked whether the maternal effect was caused by imprinted and maternally expressed BALB/c alleles, or alternatively by exposure of a paternally derived transgene to BALB/c egg cytoplasm.
The nuclear transplantation results showed that de novo methylation was the result of a two-step process, zygotic marking and postimplantation methylation, both of which required BALB/c genes. The transgene marked at fertilization by a BALB/c cytoplasm could only be methylated at postimplantation stages if transplanted back into a BALB/c zygote, but not when transplanted into a DBA/2 zygote. Conversely, a transgene marked by a DBA/2 cytoplasm cannot be methylated by transfer into a BALB/c zygote. This could either mean that the marking of BALB/c type is necessary for methylation, or that DBA/2 homozygote type marking protects from methylation, or both, and these explanations cannot at present be distinguished. However, the remarkable feature of these cytoplasmic marks, whether of BALB/c or DBA/2 type, is that they must be epigenetically heritable to at least E8 of development when methylation of the transgene eventually occurs. Hence, this epigenetic marking system must be stable for a signi®cant number of cell divisions (.8), during the time of global demethylation in the embryo (Monk et al., 1987) . These results reveal a new epigenetic marking process conferred by egg cytoplasm which does not appear to involve DNA methylation at CpG or non-CpG residues of the transgene, but which interacts with the methylation system several cell divisions later. We cannot currently exclude that this marking involves methylation in sequences anking the transgene, and that the¯anking methylation might serve as a centre for methylation spreading into the transgene at later developmental stages. Analyses of the methylation in¯anking sequences however show that the degree of methylation in the¯anks is very similar to that of the transgene (S.E. et al., unpublished) . Moreover the sequences of about 10±15 kb immediately¯anking the transgene are very poor in CpG dinucleotides. The two step model was con®rmed in genetic mapping experiments that revealed that speci®c BALB/c alleles were needed both in the mother (and thus presumably in the egg cytoplasm) and in the offspring in order to achieve high levels of methylation. The BALB/c gene needed in the mothers was linked to chromosome 17. The mother's BALB/c allele at this locus predisposes the transgene to becoming methylated in the offspring, provided that postzygotic genes of BALB/c origin (linked to chromosomes 15 and 4 among others) are also present in these particular offspring. This is an unusually clear example of epistatic interaction between genetic loci. This maternal effect likely stems from a modi®cation of the transgene by components of the egg cytoplasm which are of a particular genotype (step one). These modi®cations are then subsequently acted on by the set of post-zygotic genes and converted into speci®c methylation patterns at postimplantation stages (step two, Fig. 7) .
Several postzygotic modi®er loci were mapped in the two backcrosses whose BALB/c alleles are associated with higher methylation levels of the transgene locus. That there are several interacting modi®ers is consistent with the broad and non normal distribution of methylation phenotypes in the backcrosses. The only other mapping study of methylation modi®ers identi®ed a single locus, Ssm1, on distal chromosome 4 which was responsible for methylation of the HRD transgene (Engler et al., 1991) . However, mapping in this study was carried out using recombinant inbred mouse strains which lack the power and resolution of our linkage analysis. We have carried out QTL mapping of an unrelated transgene, E36 (Schweizer et al., 1998) , and found two loci that showed linkage; these are unrelated to the genes mapped in this study or to Ssm1 on distal chromosome 4 (Valenza-Schaerly et al., 2001 ). We therefore conclude that there is a substantial number of loci that can modify genomic methylation patterns, some of which may be more general and others more locus speci®c. Some of these loci may encode proteins that interact with the methylation system, but it is not excluded that others are DNA sequences such as repeats which sequester such protein components.
It was remarkable that several linkage positions differed between the BC1 and BC2 crosses. However, the ®nding that BC2 methylation is controlled signi®cantly by the maternal contribution to the oocyte cytoplasm offers an explanation for this discrepancy. Loci potentially contributing to post-zygotic methylation would have their associations masked (and linkages weakened) in offspring of mothers that have`non-methylating' alleles on chromosome 17. In more general terms, differences in linkage between different crosses could arise when studying phenotypes that are determined by both genes in the parents and in the offspring.
An epigenetic marking process of the sperm genome by the egg cytoplasm is also suggested from a series of experiments by Latham and colleagues (Latham and Solter 1991; Latham, 1994; Latham and Sapienza, 1998) . The authors showed an effect of egg genotype on the development of androgenetic embryos to the blastocyst stage. Remarkably, the effect persisted when a paternal pronucleus that had Fig. 7 . Two step model for epigenetic marking and methylation. The demethylated transgene is paternally inherited and is exposed to the BALB/c egg cytoplasm upon fertilization and formation of a male pronucleus. This exposure marks the transgene epigenetically by an unknown but potentially chromatin based mechanism (step 1, red triangles). This mark is acted upon at postimplantation stages by BALB/c modi®er genes and is converted into methylation (step 2, ®lled lollipops).
formed in a particular genotype egg cytoplasm was transferred into a different genotype egg, which is precisely what we observe here. The egg-speci®c factors in the studies on androgenetic development were mapped to chromosomes 1 (proximal 5 cM) and 2 (48.5±53 cM). In our genome-wide scan of BC2 individuals, loci on chromosomes 1 and 2 were also shown to have an effect with peak probabilities residing in similar regions of the two chromosomes. It remains to be seen whether the TKZ751 transgene modi®ers bear any relation to these androgenetic development factors. In any event, the observations suggest that egg cytoplasmatic marking can affect expression of endogenous genes and transgenes. In addition it is possible that imprinted genes are particularly susceptible to this type of epigenetic modi®cation.
It is conceivable that the epigenetic modi®cation of the sperm derived sequences occurs during sperm decondensation and pronucleus formation, during which events there is major reorganization of the sperm chromatin by egg-derived factors, including replacement of protamines by histones and active demethylation (Perreault, 1992; Adenot et al., 1997; Oswald et al., 2000; Mayer et al., 2000) . The only chromatin factors that have been shown to be capable of templating DNA methylation patterns are histone acetylation (Selker, 1998) , and the SWI/SNF system of remodelling factors (Jeddeloh et al., 1999; Gibbons et al., 2000) . It is conceivable that other systems such as polycomb related chromatin proteins could also interact with the methylation system, but little is currently known about their distribution in the oocyte and early mouse embryo. The post-zygotic modi®er genes mapped in this study could then further modify the marked chromatin template, or they could encode factors that are actually needed for the de novo methylation reaction in the postimplantation embryo. Alternatively, the DBA/2 alleles of the modi®ers could protect the transgene from genome wide de novo methylation. Interestingly, it has been shown recently that retroviruses infecting ES cells can be silenced by a chromatin mechanism which is independent of methylation; this epigenetic silencing may precede their de novo methylation during embryonic development (Pannell et al., 2000) . Also, methylation patterns in the human genome can apparently be in¯u-enced by heritable epigenetic`blueprints' (Silva and White, 1988) . A comparison of mapping positions of the TKZ751 modi®ers with those of known components of the methylation or chromatin system revealed that none of the known methyltransferases and methyl-CpG binding proteins (MBDs) are located in the regions with linkage. Interestingly, however, some chromatin modifying factors such as histone deacetylases map to the same regions as our modi®ers. More precise mapping and candidate assays are needed to verify this and to test the possible involvement of such factors.
The epigenetic marks that eventually determine the methylation pattern on the transgene are established at fertilization, and are signi®cantly in¯uenced by maternal genotype. Thus maternal genotype can in¯uence the epigenotype of the offspring, and this establishes a novel mechanism for maternal effects in gene expression, development and disease (Klose and Reik, 1992; Romer et al., 1995) . Future molecular and embryological experiments will help to determine the precise mechanism of this maternal effect.
Experimental procedures
Pronuclear transplantation experiments
One-cell embryos were collected 19±21 h post hCG from superovulated adult female DBA/2 and BALB/c mice which had been crossed to homozygous TKZ751 D males. Embryos were placed into equilibrated culture medium (KSOM) (Lawitts and Biggers, 1993) in a CO 2 incubator at 378C for approximately 1 h prior to initiating micromanipulation.
Groups of 10±15 embryos from each cross (i.e. DBA/2 £ TKZ751 D and BALB/c TKZ751 D ) were incubated in embryo handling medium (FHM) containing 5 mg/ml cytochalasin B and 1.5 mg/ml nocodazole (FNC) for 20 min at room temperature prior to initiating micromanipulation. Embryos from both groups (about 5) were placed in a drop of FNC on a depression slide and covered with a drop of mineral oil (Sigma; embryo tested) to avoid evaporation.
Micromanipulation to exchange male pronuclei was performed using an upright light microscope with Leica manipulators and Nomarski optics. Embryos were reconstructed following electrofusion according to standard procedures using the BTX ECM 200. Embryos were evaluated 45 min after application of electropulses to ensure fusion. Successfully fused reconstructed embryos were cultured overnight in KSOM and transferred at the twocell stage to the oviducts of day 1 pseudopregnant recipient females (C57 BL/6 £ CBA/Ca)F 1 .
Controls from both crosses were also prepared. The male pronucleus was removed and introduced into a second zygote of the same genotype from which the male pronucleus had been removed. These are referred to as`asynchronous transfer controls'. Two further`culture controls' using BALB/c £ TKZ751 D were included. The ®rst involved simply culturing from the one cell stage and transferring embryos at the two-cell stage. The second group was sham micromanipulated and subjected to the electrofusion pulse, cultured to the two-cell stage and transferred to day 1 pseudopregnant F 1 recipient females.
Generation of backcross mice and methylation analysis
Two backcross generations (BC1 and BC2) were analyzed. BC1 offspring result from the backcrossing of . Embryos were harvested on embryonic day 12, although no signi®cant changes in methylation levels occur between different tissues and time-points (data not shown). High molecular weight DNA was extracted using standard methods. DNA samples (20 mg) were digested with restriction enzymes PstI and MluI, electrophoresed in 1% agarose gels blotted and hybridized to a LacZ probe. Blots were exposed to a PhosporImager screen (BioRad) and X-ray ®lm. Integration of the band intensities using the image analysis software associated with the PhosporImager (BioRad) was used to assign a numerical value for the methylation percentage of each DNA sample. This was done by calculating the percentage intensity of the undigested 4 kb band (all MluI sites methylated) with respect to the sum of intensities of the undigested 4 kb band and one digested band (MluI site unmethylated) of 1.6 kb (100 £ I 4 kb / (I 4 kb 1 I 1.6 kb ): where I equals the integrated band intensity). Similar results were obtained by substituting the other digested bands: the methylation was not preferentially targeted at particular MluI sites.
Bisulphite methylation analysis of TKZ sequences was carried out exactly as described (Oswald et al., 2000) .
Microsatellite mapping
PCR reactions (30 cycles, 20
HH for each temperature step; 908, 558, 728) for the microsatellite analysis were performed in 10 ml reactions containing 6.6 pmol of each primer in a standard PCR buffer containing 1.5 mM MgCl 2 on a Perkin Elmer 9600 or an MJ tetrad cycler. BC1 primers were selected according to the MIT map. Forward primers were synthesized with¯uorescence or FITC labels (TIB MOLBIOL, Berlin Germany). BC1 PCR products were analyzed on a Pharmacia ALF Gel system using fragment manager software. The BC2 screen was performed with a labelled primer set described in Schalkwyk et al. (1999) 
Calculation of modi®er linkage to markers
The Mann±Whitney approach was adopted in preference to conventional QTL analysis programs because the methylation distributions of the BC1 and BC2 populations were not normal. Animals were ordered according to their methylation level and assigned a corresponding rank number. For any given marker, ranks were summed from those offspring with BALB/c:DBA/2 heterozygous genotype and compared to the sum of ranks of offspring with the homozygous DBA/ 2 genotype. The Mann±Whitney test uses these sums to calculate a z statistic which can be converted into a P value for the likelihood that the two groups were derived from the same parent population. This would be the case if the genotype of the marker had no bearing on the methylation level. If BALB/c alleles at a marker locus contributed to methylation (through linkage with a modi®er) then the rank sums would be signi®cantly different and the resulting P value smaller. Hence, the Mann±Whitney test makes no assumptions about the actual methylation values (and therefore the distribution type) or the distance relationships between markers on a chromosome (thus decreasing the resolution of the modi®er locus position).
Reconstruction of maternal genotypes from offspring
For the initial analysis of maternal contribution to methy-lation, BC2 mapping data for each locus was split into litter groupings. The presence of at least one heterozygous BALB/c offspring within a litter showed that the mother was heterozygous at that locus. A litter consisting solely of homozygous DBA/2 offspring indicates the mother was also DBA/2 homozygote. A threshold value of 4 DBA/2 homozygote offspring was required in this analysis to assign DBA/2 homozygote status to the mother. This precaution was taken to reduce the false assignment of mother genotypes.
The`reconstructed' mothers were then divided into two groups: those that had given rise to at least one methylated offspring and those that had produced none. Again a litter size threshold of four was chosen to lower the risk of overrepresentation of the low methylation category. 2 £ 2 contingency x 2 tests were carried out on the mothers with the aim of identifying maternal loci that contributed to offspring methylation levels. Candidate maternal loci indicating association were tested further by also genotyping non-transgenic littermates for the markers. This allowed the threshold litter size to be raised to a more robust value of 8 before maternal genotypes were again reconstructed and 2 £ 2 contingency x 2 tests repeated.
